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Abstract: Encroachment of eastern redcedar, Juniperus virginiana, due to fire suppression, is one 
of the greatest contributors to the degradation of North American grasslands. Mature trees are 
unlikely to burn during wet periods. However, during extended dry periods when live foliar 
moisture (LFM) approaches 80% they become more easily ignited and combustible. Currently, 
the amount of drought that is necessary to cause such reductions in LFM is unknown. To identify 
factors that contribute to wildfire risk I examined the relationship between leaf water potential 
and LFM in eastern redcedar. I used a dual greenhouse/field approach to link field conditions 
with changes in LFM and water potential. In the greenhouse, I designed a drought experiment to 
track LFM and leaf water potential in eastern redcedar. The field study was designed to relate 
greenhouse results to realistic field conditions. I chose 3 sites in Oklahoma with different levels 
of annual precipitation: Woodward (dry), Marena (moderate), and Cookson (wet). I measured 
LFM, water potential, and soil moisture in the field through a range of seasonal variation in 
climate. I used the Oklahoma Mesonet to identify other meteorological factors which contribute 
to changes in LFM. I found that leaf water potential can be used to predict LFM accurately and 
that relationship does not fluctuate based on site or previous drought conditions. Specifically, I 
observed a decline in LFM in two phases, a more rapid initial decline followed by a less rapid 
decline that is consistent with the onset of stomatal regulation in this species. Additionally, I 
identified a physiologically based model using metrics of soil water potential and vapor pressure 
data that I calculated from data available from the Oklahoma Mesonet to predict fire risk in 
eastern redcedar. Ultimately, my model can be used to predict LFM in populations of eastern 
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Woody plant encroachment into grasslands is a phenomenon that has been observed in 
systems across the world, including savannas in South America (Rosan et al., 2019), Africa 
(Stevens et al., 2017), and North America (Jackson et al. 2002). This process can have dramatic 
effects on regional and global biogeochemical and hydrological cycles (Archer et al., 2001; 
Schimel et al., 2001; Huxman et al., 2005) but has also been shown to cause more local 
environmental effects such as the loss of productive grassland area and increases in soil erosion 
(Grover and Musick, 1990). These environmental impacts are particularly important because 
most of the agricultural production of livestock worldwide occurs in grassland and savanna 
systems (Scholes and Archer 1997).  
Widespread encroachment of eastern redcedar (Juniperus virginiana) and other juniper 
species into native plant communities in the Great Plains and western United States has received 
increased attention due to the associated economic and ecological impacts (Bidwell et al., 1996; 
Meneguzzo & Liknes, 2015). Among these impacts are the accelerated depletion of groundwater 
(Wine & Hendrickx, 2013; Zou et al., 2018), reduction in grassland biodiversity (Briggs et al., 
2002), decrease in forage for livestock and wildlife (Knapp et al., 2008), and an increase in 
wildfire potential. Prior to European-American settlement, eastern redcedar had been excluded 
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from spreading throughout Oklahoma due to the prevalence of wildfire in the region (Briggs et 
al., 2002; Hallgren et al., 2012). However, wildfire suppression following Euro-American 
settlement has since allowed the expansion of eastern redcedar westward through Oklahoma 
(Briggs et al. 2002; DeSantis et al., 2011; Wang et al., 2017). 
Historically, wildfire studies in the Great Plains have focused on using drought indices 
and the relationship between heat fluxes and dead fuels (Bidwell et al. 1996; Briggs et al. 2002). 
Generally, this method of wildfire prediction works fairly well, as it has been shown that dead 
fuels respond very quickly to temperature changes (Ruffault et al. 2018) and that dryness of dead 
fuels can often be the first indicator of the potential of widespread wildfire (Nolan et al. 2016). 
However, it was recently shown that the effects of life fuel moisture (LFM) on the rate of wildfire 
spread has most likely been underestimated in older wildfire models (Rossa & Fernandes, 2017; 
Pimont et al., 2019). This discovery has led to a recent push in wildfire science to embrace more 
complete models for prediction of wildfire occurrence (Yedinak et al., 2018). Recently, the 
concept of pyro-ecophysiology has emerged from this area of wildfire science (Jolly & Johnson, 
2018), which posits that when modeling wildfire in complex ecosystems, physiological response 
to drought of living plants needs to be considered. Specifically, Jolly and Johnson (2018) outline 
four types of physiological processes that could potentially affect the flammability of living 
plants. These processes are the fine leaf/branch flammability, interior water flow, canopy 
structure, and chemical composition (Behm et al. 2004; Page et al. 2012). Fine leaf/branch 
flammability is determined by processes such as transpiration, plant water potential (Ψplant), and 
soil water absorption.  
Ψplant is a measurement of the water tension inside the xylem of living plants which is 
driven by atmospheric demand for moisture. Inside a plant, water moves through a pathway from 
soil through the plant and into the atmosphere, along a gradient of tension, the inverse of which is 
quantified as water potential. The lower water potential of the atmosphere, and relatively higher 
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water potential inside the plant, leads to a diffusion gradient across the stomata of foliage, 
drawing water out of the leaves as vapor. Water lost at the stomata is replaced by water from the 
xylem, which due to the cohesion-tension properties of water in the xylem of plants, pulls 
additional water molecules through the xylem from the roots toward the leaf. (Passioura 1982). 
Essentially, when soil water is low or atmospheric demand is high, tension inside the plant rises. 
The relationship between Ψplant and plant moisture content is non-linear, such that as water 
content declines more rapidly below a wilting point in Ψplant, also termed the turgor loss point 
(Bartlett et al. 2012). 
Weir and Scasta (2014) examined the relationship between four components of 
flammability and LFM in eastern redcedar. These were ignitability (time to flaming combustion), 
sustainability (duration of sustained flaming), combustibility (flame height), and consumability 
(percentage of leaf mass that was consumed). They measured these components at different LFM 
values after drying each sample in a microwave. They showed that there was little variation in 
flammability in wetter foliage, specifically when LFM was greater than 80%. However, when 
LFM dropped below 80%, there was consistent increase in flame height and quicker combustion 
as LFM declined. 
McCaw et al. (2018) found a similar threshold of around 80% LFM beyond which 
moderate intensity crown fire becomes much more likely in Ashe Juniper (Juniperus ashei), a 
congener of eastern redcedar. Additionally, large stands of Ashe juniper were found to be much 
more easily ignited when LFM was low, and a threshold of around 80% has since been 
established as a benchmark for the increasing the likelihood of a large crown fire (Twidwell et al., 
2009; Twidwell et al., 2013). Conversely, when LFM is high in these species, prescribed fires 
become less effective at causing mortality in large stands, which indicates that the foliage of these 
trees is less flammable when LFM is high (Ortmann et al. 1998; Twidwell et al. 2013). In fact, 
similar findings of dynamic flammability, where the flammability of juniper trees is dependent 
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upon physiological status of foliage, were demonstrated by showing that lower levels of LFM 
were a useful predictor of crown fire in Juniperus pinchotii (Bunting et al., 1983). 
Demonstrations of LFM thresholds leading to larger crown fires have also been shown in shrubby 
species, in chaparral communities in California (Dennison et al. 2008), heathlands in the United 
Kingdom (Davies & Legg, 2011), and in southeastern Australia (Nolan et al. 2016). 
Typically, LFM modeling studies have focused on correlating seasonal changes in LFM 
with meteorological drought indices, with mixed success. Pellizzaro et al. (2007) showed that 
Drought Code, a numeric rating of the average moisture content of deep, compact organic soil 
layers from the Canadian Forest Fire Weather Index System, could be used to predict LFM in 
several Mediterranean shrubland species. However, it only worked for species that were 
particularly sensitive to rapid weather changes. They also showed that a number of commonly 
used drought indices, including the Keetch–Byram Drought Index (KBDI), had no relationship 
with the LFM of any of the plant populations they studied. KBDI, an index derived to simulate 
the balance between evapotranspiration and precipitation, uses daily precipitation and daily 
temperature relative to the running average of those measurements from the previous two weeks 
(Keetch & Byram, 1968). 
Additionally, Nolan et al. (2018) showed that predawn Ψplant was the strongest predictor 
of LFM in Mediterranean plants, as it outperformed all meteorological drought indices that were 
measured. Generally, recent research has shown that this pattern, where Ψplant predicts LFM better 
than any meteorological drought index, holds across many different systems globally. Research 
has identified very clearly defined critical LFM thresholds in California shrublands, which can be 
used to accurately predict the occurrence of larger wildfires (Dennison et al., 2008). Additionally, 
Nolan et al. (2016) showed that inclusion of LFM in wildfire models in Australia could have 
more accurately predicted the large Australian wildfires of 2013 and 2000 even though 
differences in LFM relative to typical conditions were relatively small. 
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When meteorological drought indices, such as the Keetch-Byram Drought Index (KBDI; 
(Keetch & Byram, 1968) and Drought Code perform well, they likely do so as a proxy for water 
status within the plant, suggesting that direct measurements of plant water status can further 
improve the ability to predict flammability. LFM dynamics are likely a result of both water 
content and changes in dry mass. So, a better approach to modeling LFM might be to evaluate the 
effects of these two variables independently (Jolly et al. 2018). In addition, key ecophysiological 
drivers of these physiological responses can be evaluated to more thoroughly understand how 
wildfire dynamics might change in a given system due to differences in LFM response to these 
variables across species (Jolly and Johnson 2018). A recent study of woody plant species in 
California chaparral communities found that while LFM varied greatly between species and 
seasons, Ψplant was always able to accurately predict the LFM of each species such that as Ψplant 
was more negative, water content of live foliage was always lower (Pivovaroff et al., 2019). The 
same study found a distinct inflection point in the correlation between LFM and Ψplant for all 11 
species (from 6 different families) that were studied, which corresponded to the turgor loss point 
of each species. This relationship indicates that drought adaptation strategies across different 
species might have an effect on the potential flammability of individuals of the species. 
Specifically, the water potential at which leaves wilted (turgor loss point) was associated 
with a switch in rate of foliage water loss (Pivovaroff et al., 2019). As plants began to dry, LFM 
declined rapidly with small changes in Ψ until reaching the turgor loss point, when changes in 
LFM became much less sensitive to changes in Ψplant. This finding, that plant physiological 
tolerances influence the rate of decline in LFM, could potentially provide a mechanistic 
explanation for the finding that wildfire area tends to vary nonlinearly with change in climactic 
variables (Schoenberg et al., 2003). 
Ultimately, it has been shown that variations in LFM can lead to changes in the 
flammability of individual trees. These changes might impact the rate of wildfire spread in the 
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Great Plains where eastern redcedar has encroached rapidly in the last century. Currently, wildfire 
models mostly utilize metrics which account only for changes in weather over time. This method 
of wildfire potential prediction missses the impact that LFM dynamics can have on wildfire 
spread. Currently, LFM dynamics in easter redcedar are yet to be described and it is unknown 
how physiologcial drought status in eastern redcedar can contribute to LFM dynamics. Previous 
research in global ecosystems have shown that Ψplant can be used to predict LFM in species with 
similar stomatal control mechanisms and tolerance to more negative Ψplant. Soil moisture 
measurements may be able to predict Ψplant in eastern redcedar, and in turn LFM, improving 
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A BURNING QUESTION: HOW MUCH DROUGHT CAUSES INCREASED 
FLAMMABILITY IN EASTERN REDCEDAR? 
 
Abstract 
Encroachment of eastern redcedar, Juniperus virginiana, due to fire suppression, is one 
of the greatest contributors to the degradation of North American grasslands. Mature trees are 
unlikely to burn during wet periods. However, during extended dry periods when live foliar 
moisture (LFM) approaches 80% they become more easily ignited and combustible. Currently, 
the amount of drought that is necessary to cause such reductions in LFM is unknown. To identify 
factors that contribute to wildfire risk I examined the relationship between Ψplant and LFM in 
eastern redcedar. I used a dual greenhouse/field approach to link field conditions with changes in 
LFM and water potential.  
In the greenhouse, I conducted a drought experiment to track LFM and Ψplant in eastern 
redcedar. The field study was designed to relate greenhouse results to realistic field conditions. I 
chose three sites in Oklahoma with different levels of annual precipitation: Woodward (dry), 
Marena (moderate), and Cookson (wet). I measured LFM, water potential, and soil moisture in 
the field across seasons. I used the Oklahoma Mesonet to identify other meteorological factors 
that contribute to changes in LFM. 
I found that Ψplant can be used to predict LFM accurately and that the relationship does 
not vary based on site or previous drought conditions. Specifically, I observed a decline in LFM 
in two phases, a more rapid initial decline followed by a reduced decline that is consistent with 
the onset of stomatal regulation in this species. Additionally, I developed a physiologically based 
model using metrics of Ψsoil and vapor pressure that I calculated from Mesonet data to predict fire 
risk in eastern redcedar. My model can be used to predict LFM in populations of eastern redcedar 




Woody encroachment of eastern redcedar (Juniperus virginiana) occurs in many North 
American grasslands and is of particular concern across the Midwest and Great Plains. It has been 
estimated that nearly 300,000 acres of grassland are invaded by eastern redcedar every year 
(Bidwell et al. 1996). Eastern redcedar invasion is known to be responsible for a wide range of 
ecological impacts including the reduction of prairie plant species diversity and productivity 
through the replacement of native grasses (Briggs et al. 2002), reduction in forage for wildlife and 
livestock (Starks et al. 2011), and altered hydrologic cycles (Wine et al., 2012; Limb et al., 2019). 
Notably, it has also been shown to promote wildfire through increasing the dead fuel load (Wang 
et al. 2017; Hoff et al., 2018). 
Eastern redcedar has a dynamic relationship with fire. Before Euro-American settlement, 
eastern redcedar establishment in Oklahoma grasslands was limited to riparian areas and steep 
slopes, where it was able to avoid the characteristic fire of grasslands (Bidwell et al. 1996). Fire 
suppression following Euro-American settlement has allowed its encroachment into the plains 
(Engle et al., 2008), and mature eastern redcedar are unlikely to burn under conditions that are 
considered safe for prescribed fire (Ortmann et al., 2006). During wet seasons, large stands of 
eastern redcedar can act as a fuel break and individual trees are often able to survive prescribed 
fire. One study showed that a spring burn, when moisture was high, killed only 10% of trees taller 
than 3 meters (Ortmann et al., 2007). However, during drought, eastern redcedar has been shown 
to exacerbate the spread and intensity of wildfires throughout the Great Plains (Stambaugh et al., 
2009, 2013) and drought intensity is expected to increase in the next century (Cook et al. 2015).  
Close relatives of eastern redcedar are similarly flexible in their response to wildfire. 
Dynamic flammability, the property of having variability in combustability or ignitability in plant 
species which depends on physiological processes in the plant, is also observed in Ashe juniper 
(Juniperus ashei). This congener of eastern redcedar showed a major rise in mortality due to fire 
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in central Texas coinciding with a rare period of low foliar moisture (Twidwell et al. 2009). 
However, during wet periods, when foliar moisture in the canopy of these stands is high, Ashe 
juniper was resilient to controlled burns (Twidwell et al. 2009). For eastern redcedar, Weir and 
Scasta (2014) examined the relationship between four components of flammability and live fuel 
moisture (LFM), which is a measure of the proportion of a plant’s water content to its dry 
biomass, at different fire temperatures. These were ignitability (time to flaming combustion), 
sustainability (duration of sustained flaming), combustibility (flame height), and consumability 
(percentage of leaf mass that was consumed). They measured the four variables at different LFM 
values after microwaving each sample for predetermined amounts of time. They showed that 
when live fuel moisture was above 80% there was little variation in flammability. However, after 
foliage, including leaves and fine branches, reached between 80% - 60% LFM, flame height 
gradually increased, while the time to flaming combustion gradually decreased (Weir & Scasta, 
2014). Research in other regions, including the Mediterranean, Australia, and California, has 
shown that other species respond similarly to changes in live fuel moisture and fire danger in 
many mixed vegetation stands is considered high when live fuel moisture falls below 60%-80% 
(Pellizzarro et al. 2007; Dennison et al. 2008; Nolan et al. 2018). 
Eastern redcedar is known for its very high tolerance of extreme drought because it can 
maintain conductivity and resist embolism in its xylem under extreme tensions that occur when 
soil moisture is low (Axmann & Knapp, 1993). One study showed that eastern redcedar lost 50% 
of its xylem conductivity at a tension of 4.5 MPa, and it’s resistance to embolism is much greater 
than the species with which it co-occurs across North America (Maherali et al. 2006, Choat et al., 
2012). Sperry and Tyree (1990) showed it can maintain 10% of its xylem conductivity at a 
xylem tension of 9 MPa. Similarly, it can tolerate extraordinary variation across different 
branches simultaneously in its foliar moisture content when experiencing drought events 
(Bahari et al., 1985), consistent with the mechanism of stomatal control typical in Cupressaceae 
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species, where stomatal closure is passively driven by local tissue desiccation, rather than through 
active hormonal upregulation of abscisic acid (Brodribb et al. 2014). Therefore, eastern redcedar 
may have foliage at varying degrees of flammability while experiencing little physiological 
stress. Thus, a better understanding of the relationship between drought tolerance and LFM in 
eastern redcedar is critical for understanding the occurrence and severity of wildfire in stands of 
eastern redcedar. However, there is currently a surprising lack of specific knowledge on the 
relationship between eastern redcedar’s physiological response to drought and its variation in 
LFM.  
 Current projections of drought in the central United States show that the later 21st 
century will be much drier than recent history, and even drier than the driest centuries of the last 
1000 years (Cook et al., 2015). In fact, Cook et al. (2015) predicted that there is a greater than 
80% chance of a multidecadal drought spanning 35 years under a future high emissions scenario 
of continued warming. Prolonged droughts are well-known to be positively associated with the 
occurrence of large-scale wildfires, including in the Great Plains (Westerling et al. 2006; 
Dimitrakopoulos et al., 2011; Williams et al. 2013; Krueger et al., 2015). 
Oklahoma benefits from an advanced fire prediction model, the Oklahoma Fire Danger 
Model (OKFDM; Carlson et al., 2001), which was adapted from the USDA Forest Service’s 
National Fire Danger Rating System. This model uses hourly weather data collected by the 
Oklahoma Mesonet, a network of over 100 meteorological stations across the state, to calculate 
fire risk at a 1 km resolution. Model predictions are available to the public and fire managers 
(http://okfire.mesonet.org). Inputs into the OKFDM include hourly weather measurements, dead 
fuel load estimates using the Keetch-Byram Drought Index (KBDI; (Keetch & Byram, 1968), and 
dead fuel moisture, estimated through temperature, humidity and solar radiation. Additionally, the 
OKFDM uses NDVI, the Normalized Difference Vegetation Index, to estimate live fuel 
moisture’s effect on fire risk. NDVI is calculated from spectral reflectance bands in the visible 
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red region and in the near infrared to estimate vegetation “greenness” (Huete et al. 2002). It is 
calculated from the relative spectral reflectance in the red (wavelength = 0.66 µm) compared to 
the near infrared (NIR; wavelength = 0.86 µm). An alternative metric, the Normalized Difference 
Water Index (NDWI) is a remote sensing index designed for detecting water in vegetation (Gao, 
1996) and has been shown to improve some wildfire prediction models (Krofcheck et al., 2016). 
NDWI is calculated from the relative spectral reflectance in the short-wave infrared (SWIR; 
wavelength = 0.86 µm) compared to the near infrared (NIR; wavelength = 1.61 µm). 
The NDVI approach is effective for many plant species, including prairie grasses (Burgan 
& Hartford, 1993). However, due to junipers’ ability to withstand extreme variation in foliar 
moisture without outwardly displaying stress (Bahari et al., 1985; Willson et al. 2008; McCulloh 
et al., 2018), this approach may be ineffective for predicting eastern redcedar flammability risk. 
Stimson et al. (2005) showed that variation in NDVI could explain only 33% of variation in live 
juniper foliar moisture.  
In Oklahoma, LFM in eastern redcedar is strongly influenced by drought. Invasion by 
eastern redcedar has increased the fuel loads throughout the plains (Hoff et al., 2018). However, 
current wildfire risk prediction models using remotely sensed vegetation greenness may be 
ineffective for predicting eastern redcedar’s contribution to wildfire risk. My research set out to 
accomplish two primary objectives: 
1. Determine how eastern redcedar’s physiological response to drought affects variation 
in foliar moisture content.  
2.Develop a model to determine the contribution of eastern redcedar to wildfire risk by 
relating the variation in the species’ foliar moisture content to environmental conditions 
(weather and soil water availability).  
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Determining this risk is becoming increasingly important as eastern redcedar invasion increases 




Field sampling in the study occurred at three sites across Oklahoma across its gradient of mean 
annual precipitation. These sites were the Cookson Hills Wildlife Management Area (116 cm 
mean annual precipitation from 1995 - 2019), Marena (94 cm; Oklahoma State University’s Cross 
Timbers Experimental Range), and Woodward (66 cm, Boiling Springs State Park). These sites 
were chosen to balance between being typical of areas encroached by eastern redcedar in the 
region of the state in which each site was located, and to capture a wide range of environments 
across the state. Cookson Hills is a naturally forested area within the Ozark highlands consisting 
of oak-hickory forest, my site was a narrow, wooded area on the edge between two managed 
grasslands. Marena is an encroached Cross Timbers woodland, dominated by oaks (Quercus 
stellata and Q. marilandica). Woodward is a hilly site with a stand dominated entirely by eastern 
redcedar. All sampling sites were located within a 1 km radius of an Oklahoma Mesonet station. 
Simultaneously, I ran two separate greenhouse experiments using a greenhouse in Stillwater, 
Oklahoma, not far from the Marena site. This allowed me to impose severe drought that was not 
encountered during the field study, and to control for any differences that might have occurred 
based on patterns in seasonal weather.  
Field Experiment 
At each field site I sampled LFM on 50 randomly selected adult trees as the percent of 
dry mass relative to water mass following complete desiccation in a drying oven for at least 72 
hours at 65oC using the formula: LFM = [(Masswet – Massdry)/Massdry]. Of the 50 sampled trees, I 
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used the first 10 to measure plant water potential (Ψplant) using a Scholander pressure chamber 
(Scholander et al., 1965). Additionally, I measured shallow soil moisture from the edge of the 
canopy using a Hydrosense (20 cm) soil-water sensor. I made measurements periodically over the 
course of 18 months (from August 2017 to December 2019), sampling opportunistically to obtain 
data from sites across a range of moisture conditions for each. All sites were sampled 
approximately monthly during the 2 growing seasons or twice a month during late summer and 
early fall when the sites experienced longer droughts. I also used data collected retrospectively 
from the Oklahoma Mesonet station located near each site to further examine relationships 
between eastern redcedar physiology and environmental factors.  
Greenhouse experiment 1 
 In order to determine the relationship between live fuel moisture and Ψplant in eastern 
redcedar, my first drought experiment used eastern redcedar saplings in a greenhouse. I used 25 
saplings from Cedar Valley Nursery in Ada, Oklahoma that had been grown in 11.4 liter pots. 
Saplings were 1 m tall on average and approximately 2 years old. At the start of the experiment I 
watered all saplings to field capacity and then ceased watering 20 of these, leaving the remaining 
five as a watered control. I measured all saplings twice weekly for LFM, Ψplant and soil moisture. 
Live fuel moisture was measured as described for the field experiment. Plant water potential was 
measured pre-dawn, when it relates most strongly to soil moisture, as described for the field 
experiment (Scholander, et al. 1965).  
Greenhouse Experiment 2 
The second greenhouse experiment aimed to quantify the antecedent effects of previous 
droughts by tracking recovery following various degrees of drought. For this experiment, I 
obtained 35 eastern redcedar saplings from Cedar Valley Nursery in Ada, Oklahoma. At the 
beginning of this experiment I watered all 35 to field capacity then ceased watering all of them 
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until three predetermined thresholds were reached. Drought treatments were determined through 
measuring each tree’s Ψplant. For the most severe drought treatment plants were re-watered when 
Ψplant reached -8 MPa, for the moderate drought treatment plants were re-watered when Ψplant 
reached -4 MPa, and for the least severe treatment plants were watered when Ψplant reached -1.5 
MPa.  
Following the completion of the most severe drought treatment, I watered all treatments 
to field capacity and tracked how live fuel moisture and Ψplant recovered. Following this, I applied 
the severe drought treatment to all plants. Again, I measured live fuel moisture, Ψplant to track how 
previous treatment history affected drought response. Additionally, during the final drought I 
measured spectral reflectance of the control trees using a Malvern Panalytical ASD FieldSpec 
spectroradiometer. Using these data, I calculated two commonly used spectral indices for 
vegetation, the Normalized Difference Vegetation Index (NDVI) and the Normalized Difference 
Water Index (NDWI). NDVI is a commonly used remote sensing index for determining 
vegetation greenness (Huete et al. 2002). It is calculated from the relative spectral reflectance in 
the red (wavelength = 0.66 µm) compared to the near infrared (NIR; wavelength = 0.86 µm) 





NDWI is a remote sensing index designed for detecting water in vegetation (Gao, 1996) and has 
been shown to improve some wildfire prediction models (Krofcheck et al., 2016). NDWI is 
calculated from the relative spectral reflectance in the short-wave infrared (SWIR; wavelength 









I considered multiple models of linear regression to best fit the relationship between Ψplant 
and LFM. Among these were exponential, logarithmic, and segmented regressions. Exponential 
and logarithmic both could’ve been used to fit the data, but implementation of such models for 
inclusion in fire danger model would require complex data transformations. Ultimately, I used 
segmented regression on the relationship between Ψplant (independent variable) and LFM 
(dependent variable) using the r package “segmented” which creates multiple breakpoint 
estimates and then decides which of these breakpoints best fits the data (Muggeo, 2003). I used 
segmented regression because I expected to find two distinct relationships before and after 
stomatal closure, where the slope of the line would be much steeper before stomatal closure 
(Pivovaroff et al. 2019). Additionally, segmented regression shows two distinct relationships 
which do not require data transformation and can be easily compared using R2 to characterize 
variation of the models and to assess the goodness of fit. Making the models less mathematically 
intense is advantageous for the purpose of implementation into wildfire models. I then used a 
standardized major axis regression to test for common slope (Wharton et al. 2012) to determine if 
there were differences in the relationship between these two variables across sites. Additionally, I 
used Kruskal-Wallis ANOVA on the Ψplant (dependent) that corresponds to an 80% (+/-5) LFM 
(independent) across all 3 sites and in the greenhouse. This method offers an alternative way to 
assess the point of drought stress which coincides with an increased risk of fire in eastern 
redcedar foliage while allowing me to test for differences in that point without relying upon a 
linear model.  
For the second greenhouse experiment, I used linear regression on the relationship 
between log-transformed LFM and Ψplant to compare the effects of prior drought treatments on the 
relationship between LFM and Ψplant. I chose this method instead of segmented regression 
because the sample size was too small to confidently estimate a breakpoint. After log-
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transforming the LFM data, I used standardized major axis regression to test for common slope 
(Wharton et al. 2012) to test for the effects of the site differences. Additionally, I used linear 
regression to estimate the relationships between the spectral indices NDVI and NDWI with LFM.  
For model selection using Mesonet data, I built multiple regression models using factors 
that are commonly used in fire risk prediction models, including soil moisture, wind speed, 
temperature and, vapor pressure deficit to build a mechanistic model for how meteorological 
variables can impact LFM in eastern redcedar. I then used AIC to determine which of these 
models was strongest (Table 1). Ultimately, I used multiple regression to fit a model that predicts 
live fuel moisture using two variables (Ψsoil and vapor pressure deficit) obtained from the 
Oklahoma Mesonet. I validated the model by leaving out a randomly selected 20% of field data 
from each site when fitting the model for testing the relationship between predicted and observed 
data. Additionally, I validated the model using a site to site comparison. For each site, I formed a 
training set consisting of all days sampled at the other two sites and built a model using the same 
two variables from those two sites to predict all the days at the third site.  
Results 
In the first greenhouse experiment, I found a strong, non-linear decline in eastern 
redcedar LFM with reduced Ψplant under increasing drought stress (R2 = 0.894, p<0.01, df= 687; 
Fig 1) with a break point estimated at Ψplant = -3.197 (+/-0.124). This relationship was best 
described with a segmented regression with a breakpoint that occurs around the point of stomatal 
closure in eastern redcedar, which has been shown to be approximately -3.5 MPa (Torquato et al. 
2020). The wet end of the relationship can be described as LFM = -27.76 (Ψplant) + 146.55. The 
dry end of the relationship can be described as LFM = -8.997 (Ψplant) + 131.97.  
In the second greenhouse experiment I found no observable antecedent effects of drought 
on the relationship between LFM and Ψplant (p>0.05, df= 232; Fig 2). Exposing trees to repeated 
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drought followed by re-watering, with different thresholds of -1.5, -4, and -8 MPa had no effect 
on the shape of the relationship between LFM and Ψplant in a subsequent complete dry down (p > 
.05, Fig 2). Confidence intervals for the curves fit to these treatments were overlapping, and a test 
for common slope using a standardized major axis regression of the log-transformed data showed 
no significant difference (p > .05). Additionally, I found that both NDVI (R2=.859, p<.05, df=48) 
and NDWI (R2= .813, p<.05, df=48) can be used to predict live fuel moisture at the individual 
plant level during the initial drought (p < 0.05, Fig 3). However, the slope of the NDWI line 
(127.48) is less steep than that of the NDVI line (411.51) which should make NDWI a more 
sensitive predictor of LFM at finer changes in water status.  
Similar to the greenhouse results, I found that LFM of eastern redcedar at three field sites 
declined with Ψplant in negative segmented regressions (Fig 1). The amount of variance explained 
by the regressions at Woodward, Marena, and Cookson, were R2 = 0.638, 0.489, and 0.587, 
respectively. The relationship did not differ across sites, as the test for a common slope was not 
rejected, and there was no significant difference in the intercepts (p > 0.05). In addition, analysis 
of Ψplant (dependent) at 80% LFM (+/-5%) among three sites was not significantly different using 
a Kruskal-Wallis one-way analysis of variance (p > .05; Fig 4). This method allowed me to show 
that Ψplant around the point of increased flammability was the same across all 3 sites and in the 
greenhouse. Given these results I calculated a combined relationship by pooling the data from the 
three field sites and greenhouse experiment 1 for the relationship between LFM and Ψplant. This 
curve is again represented by a segmented regression. The wet end can be described as: LFM = -
33.33(Ψplant) + 151.33, while the dry end can be described as: LFM = -2.87(Ψplant) + 70.62 (Fig. 
5a). 
Using data from the Oklahoma Mesonet, I built models using metrics that are commonly 
associated with wildfire spread including daily vapor pressure deficit (VPD), daily high 
temperature, relative humidity, average daily wind speed, soil moisture (averaged over 3 soil 
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depths including 5 cm, 25 cm and, 50 cm to capture moisture that would be available at all layers 
of the rooting zone), and Ψsoil. I then used stepwise regression to eliminate model factors with 
strong collinearity. Using AIC, I determined that the model that included Ψsoil and VPD without 
considering their interaction had the best fit (Table 1). On their own, Ψsoil and VPD can be used to 
weakly predict LFM with R2 values of 0.311 and 0.395 respectively. However, when combined 
into a multiple regression model they show a strong negative relationship between LFM and the 
combination of VPD and Ψsoil (Fig 6). The multiple regression is described as LFM = 113.5667 - 
1.8759(VPD) - 9.5155(Ψsoil) yielding an R2 value of 0.613 with a standard error of 5.23 for LFM.  
I performed cross validation on a subset of data that was withheld from the data set, 
which consisted of 20% of sampling days from each site. The relationship between observed 
LFM and predicted LFM had a slope of 0.9559 with an R2 value of 0.60 (Fig 7). When broken 
down by site, the validation performs strongly at Cookson (R2 = 0.60, slope = .985) and 
Woodward (R2=0.78, slope = 1.12) but is less strong at Marena (R2 = 0.50, slope =0.421; Fig 8). 
My site to site validation confirmed that the relationship between Ψpsoil and VPD could be used to 
predict LFM (Fig 9). This method of validation again performs strongly at Cookson (R2 = 0.48, 
slope = 0.89) and Woodward(R2=0.45, slope = 0.96), but is less strong at Marena (R2=0.39, slope 
= 0.88). 
Using the multiple regression model, I retroactively estimated monthly and daily LFM 
during past years, including for the 2018 fire season at the Woodward site during the period of the 
Rhea and Complex 34 fires (Fig 10.) The model estimates and observations show a drop in LFM 
in the weeks before and after the fire. Daily estimates show a precipitous drop in LFM in the days 
immediately leading up to the fire. 
Using predicted LFM for each Mesonet site in the state using the multiple regression 
model, I estimated eastern redcedar fire risk across Oklahoma by determining when LFM at each 
25 
 
site was predicted to dip below 80%. The model predicts a distinct peak of eastern redcedar fire 
risk potential, as 40% of Mesonet sites were predicted to be below the 80% LFM threshold in the 
months of July and August (Fig 11). Using data from the Oklahoma Mesonet, I confirmed that 
KBDI is not predictive of foliar water content in Oklahoma (p > .05, df=30, Fig 12).  
Discussion 
Despite their importance in predicting wildfire risk, the environmental factors influencing 
Live Fuel Moisture (LFM) dynamics are not well studied (Jolly and Johnson 2018). Commonly 
used drought indices, such as Keetch-Byram Drought Index (KBDI) do a poor job of predicting 
variation in LFM in many plant populations (Dimitrakopoulos and Bemmerzouk 2003), even 
though these indices are often useful for predicting other components of wildfire risk (Carlson et 
al. 2007). While these types of indices have been shown to successfully predict mean spread rate, they have also been 
shown to miss the variability around fire intensity and ignition, which limits the ability of wildfire models to predict 
variability in systems with complex wildfire dynamics (Taylor et al. 2004; Cruz et al. 2013; Yedinak et al 2018). 
Overall, my research was not designed to rewrite wildfire models, but to help strengthen the ability of wildfire models 
to capture some of this variation. My results for LFM point to a need to better understand how drought 
affects physiological function related to vegetation water content which is consistent with 
previous findings (Soler Martin et al., 2017; Ruffault et al., 2018). Physiological response to 
drought has been shown to be tightly correlated to LFM dynamics (Easterday et al., 2019; Nolan 
et al., 2018; Nolan et al., 2020). My results show that Ψplant, a measure of xylem tension, is a 
strong predictor of LFM dynamics in Oklahoma populations of eastern redcedar (Fig. 1). This 
study adds to the growing body of literature that shows that an eco-physiological approach to 
understanding tree responses to drought can help to improve forest flammability predictions 
(Jolly et al. 2016; Nolan et al. 2020; Martin-StPaul et al. 2020), while also providing a convenient 
method for estimating wildfire risk assessment through a simple empirical model. Plant water 
potential is strongly influenced by soil moisture availability and atmospheric demand for 
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moisture, which are represented in the model with Ψsoil and VPD, and predicts ~60% of the 
variability in redcedar LFM. Additionally, I found the superiority of considering LFM over 
drought indices in greenhouse studies, which indicate that there is no antecedent effect of drought 
on the water potential-LFM relationship, suggesting that LFM can be predicted across a broad 
range of climates in Oklahoma. 
Plant Physiology 
My results indicate that eastern redcedar LFM is strongly correlated with physiological 
response. Ψplant predicts LFM as expected, since there is a well-established relationship between 
Ψplant and plant water content (Tyree & Hammel, 1972; Martinez-Vilalta et al. 2019). Ψplant is a 
function of the combined effects of Ψsoil and atmospheric demand for water, as mediated by 
stomatal control (Hinckley et al. 1978). This is a mechanistic basis for why LFM can be predicted 
by Ψplant and for why this might be more useful than drought indices, which do not account for 
plant physiological function. 
Usage of VPD to predict large-scale wildfires has increased in recent years because of the 
drying effect that elevated VPD has on dead fuels in fire-prone regions (Williams et al., 2019; 
Mueller et al., 2020). However, there has been some debate over the efficacy of using physical 
drivers, such as VPD, alone for predicting wildfire spread (Martin St. Paul et al. 2020), because 
doing so ignores the physiological response of individual plants and fails to capture variation in 
LFM within those plants (Soler Martin et al., 2017; Ruffault et al., 2018). I found that VPD 
explains 39.5% of the variability in LFM in eastern redcedar (Fig 6). However, when the effects 
of VPD are combined with the effects of Ψsoil, a metric of soil water availability which should 
closely reflect Ψleaf, in a multiple regression model, together they can explain 61.3% of variation 
in LFM. This increase we saw is consistent with observations that drought stress in forest systems 
depends on both soil moisture supply and atmospheric moisture demand (Breshears et al., 2013, 
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Novick et al., 2016, Williams et al., 2013). My model demonstrates a method for utilizing the 
predicted response of individual trees to changes in VPD to improve species-specific wildfire 
models. 
Antecedent Effects 
I found no antecedent effect of prior drought on the relationship between LFM and Ψplant 
in greenhouse-grown eastern redcedar. This is reflected in the field experiment, which showed 
that there were not significant differences in this relationship across sites, even though the sites 
often varied in the timing and sequence of dry conditions . Previous research on the antecedent 
effects of drought on eastern redcedar is relatively sparse. However, antecedent rainfall events in 
Ashe juniper did not affect plant water status (Heilman et al., 2009). Additionally, Dennison and 
Moritz (2009) found that LFM in the current fire season in California chaparral plants did not 
change based on precipitation in prior fire seasons. While the time scale of that study is larger 
than mine, the key message, that LFM is unaffected by previous drought, was consistent with my 
results. 
Spectral Reflectance 
Many studies have confirmed the efficacy of predicting moisture status in plants using 
NDVI (Gu et al., 2008; Whitney et al., 2018; Easterday et al., 2019); however, to my knowledge 
none directly test the relationship in eastern redcedar, although other juniper species have been 
studied. Eitel et al. (2011) showed that NDVI was ineffective for predicting change in water 
stress in pinyon-juniper woodlands where the junipers are predominantly Juniperus monosperma. 
Stimson et al. (2005) showed that NDVI was very weakly related to water content in J. 
monosperma. Krofcheck et al. (2015) showed that models of productivity in pinyon-juniper 
woodlands could be improved by using NDWI, which quantifies reflectance in bands that directly 
respond to changes in the presence of water, instead of NDVI. 
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I found that both NDVI and NDWI were strong predictors of LFM in greenhouse 
experiment 2 (Fig 3). Although the R2 for these relationships were similar (0.859 for NDVI, 
0.813 for NDWI), the relationships differed in their slope. From 45% to 120% LFM, NDVI only 
varied by 0.06, while NDWI varied by 0.49 across the same range (Fig 3). This difference in 
slope should allow for more fine scale predictability of LFM during progressing droughts using 
NDWI. My assessment was based on a greenhouse experiment that minimized confounding 
factors, but further studies should aim to validate this result in the field. I acknowledge that fine-
scale, remotely sensed NDVI data are much more readily available to fire managers than NDWI. 
Frequency of Occurrence 
The multiple regression model developed here provides a quantitative basis for predicting 
how drought conditions promote flammability in eastern redcedar. The model predicted a very 
steep drop in LFM in the early days of the Rhea fire, which was one of the largest wildfires in 
recent years in Oklahoma. Additionally, when validated with my sampled data my models 
performed very well, getting very close to matching the observed data especially during dry 
periods at the Woodward site which coincided with the Rhea wildfire (Fig. 8).  
Using the mean LFM estimated for all Mesonet stations from 1994 to 2020, I predicted 
seasonal changes in fire risk due to eastern redcedar across Oklahoma (Fig 9). In early summer, 
the proportion of sites with high fire risk due to predicted LFM below the 80% threshold 
increases and peaks in the middle of summer, before declining through the fall. Based on these 
predictions, 45% of Mesonet sites across the state would be below the 80% LFM threshold 
throughout the entire summer (Fig 9).  
 Improving Wildfire Models 
Pyro-ecophysiological models should aim to predict drought responses tailored to 
specific areas and specific vegetation types. Yedinak et al. (2018) showed that removing broad 
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assumptions that do not hold true across vastly different ecological systems can vastly improve 
wildfire models. At the least, empirical wildfire models created for one vegetation type should be 
validated when used to predict wildfire risk in different vegetation. For example, my approach, 
which utilizes Ψsoil, will likely work well in other juniper populations because Ψplant frequently 
closely follows Ψsoil in other juniper species, even under intense drought (Linton et al. 1998; West 
et al., 2007; Breshears et al., 2009). A similar approach might be useful in predicting LFM in 
trees that exhibit similar behavior in other fire-prone regions, such as other species of 
Cupressaceae, including western redcedar (Mcculloh et al., 2014), Mediterranean cypress (Klein, 
2020), as well as sclerophyllous shrubs of southern California (Pivovaroff et al., 2019). However, 
in fire-prone regions that are dominated by pines, in which Ψsoil and Ψplant may vary independently 
under drought (McDowell et al. 2008), a different approach might be more useful. 
My results provide one example of how physiological response to drought can be used to 
improve wildfire models with inputs that can be tailored to specific areas. A model based on 
physiological processes accounts for one aspect of flammability, but other aspects could be 
important as well. For example, foliar chemistry has been shown to change as a response to 
drought (Orians et al., 2019; Trowbridge et al., 2019) and can greatly impact the flammability of 
certain tree species (Jolly et al. 2016). However, there are aspects of flammability that might 
change based on environmental factors as well. For example, elevated VPD has been shown to 
increase the size of burned areas due to its impact on the moisture of dead fuels (Williams et al. 
2013). Additionally, it is well known that strong winds can exacerbate the spread of crown fires, 
though there is debate over whether wind or fuel loads are more important for spreading large 
wildfires in certain systems (Keeley & Syphard, 2019). Of course, direct anthropogenic influence 
cannot be ignored either, as Nagy et al. (2018) showed that large wildfires were much more likely 
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Table 1. AIC scores for all models considered for how eastern redcedar LFM is affected by 
drought factors. 
MODELS AIC DELTA AIC D.F. WEIGHT 
LFM ~ VPD + Soil 
Y 
208.4 0.0 3 .55592 
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Figure 1. The relationship between live fuel moisture and leaf water potential at all 3 sites and in 
the greenhouse. Solid lines show the segmented regression is fit separately to each site and 
greenhouse data. R-squared values were .59, .49, .64, and .89 for the Cookson, Marena, 
Woodward, and Greenhouse data, respectively (p < 0.01). Dashed lines indicate 95% confidence 




Figure 2. The relationship between live fuel moisture and leaf water potential in eastern redcedar 
during the final drought of greenhouse experiment 2 for three treatments, previous exposure to 
moderate, severe, or no drought. Relationships for each treatment are fit with a negative 











  Figure 3. The relationship between live fuel moisture (LFM) and two spectral indices, the 
normalized difference vegetation index (NDVI) and the normalized difference water index 
(NDWI). Grey shading indicates the 95% confidence intervals for each regression line. The 
relationship between LFM and NDWI had a steeper slope than the relationship between LFM and 






Figure 4. A comparison of daily plant water potential of eastern redcedar for each site and the 
greenhouse data when live fuel moisture (LFM) was within ±5% of 80%. Boxplots show the 
range from 25% to 75% as solid boxes, whiskers are one standard error, and outliers beyond this 
are shown as points. There was no significant difference among the 3 sites and greenhouse data in 




Figure 5. The relationship between xylem tension and live fuel moisture (LFM) fitted with a 
single segmented regression for all data (R2 = 0.644, p < 0.01; a), and the relationship between 
soil moisture and LFM (b) in eastern redcedar. Data in (a) are from 3 sites across Oklahoma and 
the greenhouse experiments; data in (b) are from the field sites only. The dashed lines around the 















Figure 6. Individual linear regression analyses using Ψsoil and vapor pressure deficit (VPD) to 
predict (LFM). Ψsoil can explain 31% of variation while VPD can explain 39.5% of variation in 
LFM. Combined as a multiple regression model to predict LFM from Ψsoil and VPD, the accuracy 













Figure 7. A validation of the multiple regression model used to predict live fuel moisture in 
eastern redcedar across three field sites. The training set consisted of 80% of all collected data at 
each site while the test set consisted of a randomly chosen 20% of the data at each site. Points 
shown are the daily mean values for all trees sampled on each day at each site. Error bars are 
standard in the observed mean. The black line is The 1:1 line is shown in black, and the linear 
regression between observed and predicted values is shown in blue, with the standard error of the 




Figure 8. A validation of the multiple regression model used to predict live fuel moisture in 
eastern redcedar across three field sites separately, for Cookson (a), Marena (b), and Woodward 
(c). The training set consisted of 80% of all collected data at each site while the test set consisted 
of a randomly chosen 20% of the data at each site. Points shown are the daily mean values for all 
trees sampled on each day at each site. Error bars are standard in the observed mean. The 1:1 line 
is shown in black, and the linear regression between observed and predicted values is shown in 






Figure 9. A validation of the multiple regression model used to predict live fuel moisture in 
eastern redcedar across three field sites separately, for Cookson (a), Marena (b), and Woodward 
(c). The training set consisted of all collected data at 2 of the 3 sites while the test set consisted of 
all of the collected data at the final site. Points shown are the daily mean values for all trees 
sampled on each day at each site. Error bars are standard in the observed mean. The 1:1 line is 
shown in black, and the linear regression between observed and predicted values is shown in 






Figure 10. Time series of model predictions and measured observations for live fuel moisture 
(LFM) in eastern redcedar at the Woodward site. Predictions were calculated on a daily basis 
from the Woodward, OK Mesonet station and then averaged to give a monthly LFM estimate.  
Observations and the monthly LFM estimates are shown in (a) and daily LFM estimates are 
shown in (b). The period during which the Rhea and Complex 34 fires were burning near the 





Figure 11. Mean percent of stations that are below the 80% live fuel moisture threshold for 
increased wildfire risk shown monthly averaged over the entire history of the Oklahoma Mesonet 





Figure 12. The relationship between Keetch-Byram Drought Index as calculated from the 
Oklahoma Mesonet and live fuel moisture in eastern redcedar. Each point represents a mean daily 
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